Energy inconsistency among Li-ion battery cells widely exists in energy storage systems, which contributes to the continuous deterioration of the system durability and overall performance. Researchers have proposed various kinds of battery energy equalizers to reduce such inconsistency. Among them, the inductor equalizer is a predominant type in fast equalization applications. However, it requires relatively more complex control than other types of equalizers. In order to reduce the control complexity of inductor equalizers, a bidirectional multi-input and multi-output energy equalization circuit based on the game theory is proposed in the present work. The proposed equalizer has the modularized circuit topology and the mutually independent working principle. A static game model is developed and exploited for the mathematical description and control analysis of an energy equalization circuit comprised of these equalizers. The feasible control of each equalizer was obtained by solving a series of linear equations for the Nash Equilibrium of the model among the states of charge of the battery cells. The complexity of equations grows linearly with the cell number. The equivalent simulation model for the four-cell equalization is established in the PISM software, where the operational data and simulation results justify the static game model and verify the control validation, respectively. It is concluded that the proposed inductor equalizer is suitable for large-scale battery strings in energy storage systems, electrical vehicles, and new energy power generation applications.
Introduction
Li-ion batteries have been extensively used for energy storage systems in electrical vehicles, new energy power generation, and military applications because of their superior performance [1] [2] [3] [4] . However, energy inconsistency among the battery cells widely exists in energy storage systems and poses a potential threat to the system safety, which is the major concern of the future applications of the Li-ion batteries [5] [6] [7] [8] . Commonly, the cells are assembled into battery strings for instant power supply or energy storage [9] . Some of them might undertake energy inconsistency during recharge cycles and then fall into overcharged or overdischarged state, which can cause cell damaging or even explosion and service life of cells decrease, respectively [10, 11] . Therefore, to ensure the battery service life and the system performance during the charging and discharging periods, the energy equalization of battery strings is mandatory [9, 12] . Many researchers have proposed various battery energy equalizers that each equalizer has distinctive advantages and suitable applications [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] .
On the one hand, the specific structure of a certain type of equalizer determines its potential performance. Depending on the equalization components and topology, there are generally four types of equalizers: resistor, capacitor, transformer, and inductor equalizers [9] . Resistor shunt equalizers [13, 14] are the simplest type in both control and working principle. The energy of overcharged batteries is consumed by the shunt resistors and dissipated as the resistors heat, which causes notable energy waste and device heating. Its improved type, analog shunt equalizer, causes less energy dissipation and is viable in large-scale battery strings. By contrast, 2 Complexity the equalizers comprised of reactive components perform equalization more efficiently. They redistribute the energy of the battery string by transferring the imbalanced energy with reactive components. Pascual proposed a switched capacitor equalization circuit, where the equalizers alternately connect to adjacent batteries, forming a path to transfer the energy [15] . This circuit is easily controlled and expanded, but the equalizer's current capacity is constrained by the capacitor, which slows down the equalization process. Baughman expanded the second column of capacitors based on Pascual's circuit [16] . Although his work sped up the equalization process by 25%, the capacitance cost increased by 50% [9] . The transformer equalizer is another type of energy carrier. Kyung-Min applied a central transformer to achieve the target energy transfer [17] . The energy of the strong cell is stored by the primary winding and then released to the weak cell from the secondary winding through switch modules. This type of equalizers features in flexible control, but its design is complex and expensive. Moreover, it suffers from saturation. Researchers have been making efforts to improve transformer equalizers. Aiguo Xu spared the switch modules and distributed the secondary winding to each equalizer [18] ; Kim divided the primary winding into two stages [19] ; S.H Park made a deeper distribution on both the primary and the secondary windings [20] ; Xiaolin Wang adopted tapper inductors to form structures like autotransformers [21] .
Inductor equalizer is a predominant type in fast equalization, and its design is not as expensive or complex as the transformer equalizer [9] . Nishijima and Kuktut proposed an inductor equalization circuit [22, 23] with similar topology to the switched capacitor circuit, where they replaced capacitors with inductors. This innovation increased the current capacity of equalizers and realized fast equalization. Since there is a shared switch between every two adjacent equalizers, the switch coupling effect results in the complex mathematical description for equalizers. Zhao managed to work out the control for a three-cell battery string [24] , but it was complex due to the coupling effect. Yuang-Shung Lee added a resonant loop in the equalizer to reduce the switching loss [25] . Moreover, Cassani analyzed the feasibility of such kind of circuits in the view of the control and concluded that the complexity of the controller exponentially increases as the cell number increases [26] . He gave a compromise solution by dividing the battery cells into several groups to lighten the work of each controller [27] . The potential performance of these inductor equalizers is constrained by inefficient control and their application on the fast equalization is limited to small-scale battery strings. Xiangwei Guo improved the conventional topology and proposed a bidirectional lossless equalization circuit, which features a simple control method and fast balancing. In other words, the proposed circuit has a large equalization current and exhibits outstanding equalization performance [28] .
On the other hand, the purpose of equalizer control is to realize the full potential performance of the equalizers. Therefore, working out the control method is essentially a decision problem. Game theory (GT) is the study of utilizing relevant parties in the game of multiple individuals or teams under the constraints of specific conditions and implementing corresponding strategies. It has been studied predominantly as a modeling paradigm in the mathematical social sciences especially in economics [29] . Compared with humanities and economies that cannot be rational, intelligent control seems more suitable to apply the GT [30] . With the development of measurement and control technology, Game Theory has been increasingly applied in system management [31] and resource scheduling [32, 33] . Myerson defined the GT as "a mathematical model for studying conflicts and cooperation between intelligent rational decision makers" [34] . Therefore, in the perspective of control, the GT is a study of conflicts and cooperation between interactive controllers for certain purposes. The controller and purpose are premises of establishing the game model (GM). These two premises are clear in the aforementioned equalization. Equalizers can be regarded as controllers and the purpose is to achieve the energy balance of batteries while for the inductor equalizers mentioned above it is complex to make mathematical descriptions for the equalizers' behaviors, when a considerable number of cells are involved, which becomes a barrier for establishing a mathematical model.
To simplify the control of inductor equalizer, bidirectional multi-input and multi-output energy equalization circuit (BMMEEC) is proposed. The proposed circuit has three characteristics as follows: first, in terms of the circuit topology, each equalizer consists of a dual switch group, connected in a parallel manner with the entire battery string, and an inductor is connected between every two adjacent cells. It should be indicated that no shared switches exist among equalizers; second, in terms of the controllability, each equalizer is controlled independently regardless of the coupling effect; third, in terms of the circuit operation, each equalizer works synchronously; hence the equalization time decreases. Moreover, compared with other types of equalizers, inductor equalizers have a larger current capacity than that from capacitor equalizers. Furthermore, they have lower winding precision requirements than those from transformer equalizers. In the perspective of the circuit modeling, the barrier for the mathematical description is eliminated; equalizers are independent and rational; the mathematical description is feasible and the operational data is measurable. Therefore, the CISGM can be developed and exploited for control analysis, where the equalizers are treated as independent game participants, the battery energy is regarded as the capital of the participants, and the Nash Equilibrium (NE) of the battery energy is set to be the termination of the game. As for the battery energy, it is described by the battery state of charge (SOC) in quantity. SOC is one of the most important parameters in a Li-ion battery, which is usually utilized to reflect the energy state of the battery. Reviewing the literature shows that researchers have proposed variety of accurate methods to investigate the Li-ion batteries [35] [36] [37] [38] [39] . The benefit function can be derived to describe participants' behaviors and evaluate the equalization effect. This paper is organized as follows. In Section 2, the topology and principle of BMMEEC are introduced. In Section 3, the mathematical description of each component of BMMEEC is carried out. It is intended to establish a complete information static game model (CISGM) and derive the benefit function for quantitatively evaluating each equalizer's behavior. The model for a four-cell battery string is established and deduced with the initial SOC of each cell set reasonably. Its solution is transformed into the corresponding control method. In Section 4, simulation results are presented to verify the feasibility of the obtained control. In Section 5, the present work is concluded and the authors' further work is introduced. Figure 1 shows the topology of the BMMEEC. It comprises two main parts, equalizers and the battery string. In a certain equalizer, the two switches (MOSFET modules) control the flow of energy and the inductor acts as an energy carrier. For a battery string that contains cells, − 1 equalizers are needed to conduct the energy equalization. Since each equalizer contains two switches, there are 2 −1 kinds of equalizer control combinations. This topology has the following effects: (1) independent equalizers: each equalizer can be independently controlled; (2) overall effect in the energy distribution: any energy transfer caused by a certain equalizer affects the overall energy distribution in the battery string because all the cells are involved. Figure 2 illustrates the principle of the BMMEEC. During the operation cycle of the equalizer, only one of the two switches can work; otherwise, the cell will be short-circuited. Figure 2 presents the discharging loop with a red dash line. In this loop, the energy from batteries flows through the actuated switch to the inductor. When the switch is turned on, it forms a discharging loop together with the inductor and the cell above the inductor. Moreover, when the actuated switch is turned off, it forms a charging loop with the inductor and the cell below the inductor, and the energy stored in the inductor is released to the cell below the inductor. Therefore, the energy transfers from batteries above the inductor to batteries below the inductor. Invert energy transfer can be realized in a similar way. Consequently, in a battery string, energy redistribution for multiple cells is realized as is shown in Figure 3 . It is feasible to achieve energy equality for all cells in the battery string by applying proper control for equalizers.
Topology and Operating Principle
In order to fully utilize the flexible topology of BMMEEC to achieve energy redistribution, it is necessary to mathematically describe and analyze its energy equalization process. Considering the following reasons, it is concluded that the game theory (GT) has high relevance and correspondence to 4 Complexity such flexibility. (1) Independent players: in a game, players independently choose their own strategies to maximize their own benefits. (2) The comprehensive effect in benefit distribution: since all players are involved in the game, any behavior of a certain player affects the balance of the benefit. Moreover, the goal of the players is to maximize the benefit. Therefore, once they cannot get any more benefits, the game comes to the end. According to such relevance and correspondence, it is reasonable to establish a GM for the BMMEEC.
Comprehensive Information on the Static Game Model
. . Model Assumptions. In order to simplify the model, four assumptions are made as follows.
(1) The design parameters of each cell are identical, such as the value of discharging current, discharging efficiency, battery capacity, and, most importantly, the unique correlation between the SOC and the energy. Therefore, the energy state of each cell is presented by its SOC value.
(2) The initial SOC of each cell is instantly available. (3) Inductors have enough large inductance, i.e., enough capacity to store the energy from cells.
(4) Energy loss in the equalization process is negligible and all power components work ideally.
. . Model Factors . . . Players: Independent Equalizers. Each equalizer is treated as an independent player. For equalizer E , its inbuilt inductor divides the battery string into two parts, the cells above the inductor and the cell below the inductor. A 0 ,
A , and Δ A are the initial SOC of cells above the inductor, the final SOC of cells, and the SOC difference of batteries, respectively. Furthermore, the related values of cells below the inductor, B 0 and B , are set similarly. Therefore, (1) can be developed to describe the energy transfer between these two parts caused by the equalizer E :
. . . Strategy: Equalizer Control Plans. In a game, the strategy is the combination of all behaviors conducted by players. In this GM, the "behavior" of each equalizer is presented as the implementation of its control plan, which is the conducting time of the actuated switch. For the equalizer E , the conducting time of its switch above the inductor and the switch below the inductor is set to A and B , respectively. Furthermore, its control plan can be described by
The control strategy of the game is the combination of control plans for all equalizers:
. . . Order: Static Game. In a static game, once the behavior of each player is determined, the game result is determined. In this GM, each equalizer operates with a fixed control plan during the whole game.
. . . Information: Complete Information. In a complete information game, each player has accurate information about other players' characteristics, strategy, and benefits. According to the second assumption of this GM, the initial SOC of each cell is known as the given condition.
. . . Benefits Function. In this game, benefit evaluates the effect of a player's behavior. In other words, proper behavior can maximize a player's benefit. In this GM, the goal of the whole equalization process is to equalize the SOC ( ) among all the cells. For equalizer E , it gets the maximum benefit when the ratio of A and B is equal to the ratio of the numbers of cells above and below the inductor. The benefits function of equalizer E are defined as
In (4), the absolute value of the difference between two fractions describes the departure of the present SOC distribution from the equalization goal. The departure is used to evaluate the benefit of each equalizer. When equalization results match the goal, the benefit is zero. Note that (4) is always less than 0 in value. Thus, the following inequality always holds:
. . Nash Equilibrium. NE is a strategy with which all players get their maximum benefit. This situation is equivalent to the SOC equality of the battery string. According to the definition of the NE, when it is applied, each player gets the maximum benefit "0" so that (6) can be derived as [25] 
where A, and B, are the best strategy for the equalizer E , called A, * and B, * , ∈ [1, ) ∪ ( , ]. Moreover, it is obvious that the value of benefit function is always less than or equal to zero and (7) can be derived:
NE is the solution of the GM and, in order to figure it out, the equivalent equation group is derived from the two inequalities:
Complexity Substituting A and B , (8) is expressed in a more specific form:
. . .
In (9), is the mean value of the initial SOC of all cells. According to the second assumption, except for the SOC divergence Δ A , all values are known as given data.
. . e Expression of SOC Divergence. Applying the amperometric method, the SOC difference of a single cell can be expressed as the integral of its discharging time [32] :
where , , and denote the discharging current, discharging efficiency, and the capacity of the cell, respectively. According to the first assumption, the design parameters of all cells are identical. In an extremely short period, the cell discharging current is considered as a constant. Therefore, the three coefficients, , , and , can be presented by one, :
where Δ A describes the overall SOC divergence for the selected cells above the inductor of the equalizer E . Note that is determined by the battery string itself, while Δ A is determined by all other equalizers' control plans. For the sake of universality, the equalizer E is chosen to represent the equalizers other than E . In the following four situations, the cells are selected as research objects to study the influence caused by different equalizer on their SOC. The discharging loops and charging loops are framed with red dash lines and green dash lines, respectively.
. . . Situation I. Figure 4 shows the discharging and charging loops distributed by the equalizer E when ≤ and the switch above the inductor is actuated. The discharging time of the cells in the discharging loop is presented by the switch conducting time ( A ). When the switch is on, the cells in the discharging loop charge the inductor, and the SOC difference of the selected cells is described as
On the other hand, when the switch is off, the energy stored in the inductor is released to all cells in the charging loop, and ( − 1)/( − 1) of the released energy flows to the ( −1) cells included in the selected cells. Therefore, the SOC difference of the selected cells in this process is
. . . Situation II. Figure 5 illustrates the discharging and charging loops distributed by the equalizer E when the switch below the inductor is actuated. The discharging time of the cells in the discharging loop is presented by the switch conducting time ( B ). When the switch is on, ( − ) cells in the discharging loop charge the inductor. During this process, the SOC difference of selected cells is
Similarity, when the switch is off, the energy stored in the inductor is released to cells that are all included in selected cells and the SOC divergence of the selected cells in this process is
In summary, when ≤ , the SOC divergence of selected batteries caused by the equalizer E is the sum of the SOC difference in four processes:
. . . Situation III. When < ≤ − 1, the selected batteries are all included in either discharging or charging loops, determined by the equalizer E . Figure 6 shows the discharging and charging loops when the switch above the inductor is actuated. When the switch is on, the cells in the discharging loop charge the inductor, and the SOC divergence of the selected cells is described as
When the switch is off, the stored energy in the inductor is released to all cells in the charging loop but they are excluded from selected cells. There is no SOC divergence of selected cells. . . . Situation IV. Figure 7 illustrates the discharging and charging loops caused by the equalizer E when the switch below the inductor is actuated. When the switch is on, ( − 1) cells in the discharging loop charge the inductor. In this process, there is no SOC divergence of selected cells.
When the switch is off, the stored energy in the inductor is released to the cells in the charging loop and / of the cells are included in the loop. The SOC divergence of selected cells is
In summary, when < ≤ ( − 1), the SOC divergence of the selected cells caused by the equalizer E is the sum of the SOC divergence in the two processes:
According to the analysis above, the SOC divergence caused by one certain equalizer E is
The final expression of Δ A is the sum of the SOC divergence, caused by all equalizers on the selected cells:
Equation (21) indicates that the expression is a function of control strategy variables, , . The coefficients are determined by the number of batteries contained in the battery string. For the sake of expression convenience, a coefficient matrix is set to present coefficients and its specific form is shown in Table 1 . . . Solution and Control. For the sake of expression convenience, the SOC divergence in (9) is also presented by a matrix Δ . By substituting initial SOC values of all batteries, the matrix in the form of (9) can be derived:
In (21), , [ , Δ ], and are the coefficient matrix, the augmented matrix, and the column vector of independent control variables, respectively. The rank of and [ , Δ ] matrices is ( − 1), which is always less than the number of independent variables, 2( − ). Therefore, the solution is infinite. The general solution is expressed by (23) , which consists of ( −1) set of linearly independent solution vectors 1 ⋅ ⋅ ⋅ −1 and one special solution 0 for given initial values:
Although the solution is infinite, only one feasible solution has the corresponding control strategy. Feasible requirements are as follows. (1) Switch conducting time cannot be negative.
(2) Only one of two switches in an equalizer can be actuated. Otherwise, part of batteries in the battery string may be short-circuited. In other words, the product of A and B must be zero.
With these two requirements, the feasible solution can be uniquely determined. According to the feasible solution, the control strategy can be realized by setting the proper duty cycle of three corresponding switches:
. . Equalizer Control Algorithm. In the BMMEEC, each equalizer exchanges the energy between upper and lower parts of cells, independently. It should be indicated that the energy equality of each cell in the battery string is the main goal of each equalizer. The control algorithm of the BMMEEC is illustrated in Figure 8 . Ignoring the process of the other parts of the equalization system, the BMMEEC controller algorithm can be explained in the following steps.
Step . The system detects the basic input parameters of the CISGM, the scale of the battery string ( ), and the initial state of charge of cells ( 0 ).
Step . The processor calculates the coefficient matrix ( ), average SOC ( ), difference matrix of the SOC (Δ ), and variance of the SOC ( ) to form the NE equations.
Step . If the SOC variance exceeds 5%, the system conducts the equalization procedure.
Step . The processor solves linear equations to work out the NE of the static game model ( ) and transforms it into control signals.
Step . The controller outputs the signal to equalizers to actuate the MOSFETs.
Step . The system redetects 0 after the first round of the equalization.
Step . The processor calculates , Δ , and accordingly.
Step . System conducts the termination judgment. If the SOC variance decreases after the first round of equalization, the process will return to Step 4. This procedure is repeated until the variance reaches its minimum value.
Step . The termination criterion is met and the equalizers stop. 
Simulation
The general solution of (25) is obtained as
According to the first feasible requirement, ,2 cannot be negative. Therefore, three coefficients must be properly set to eliminate the negative value. Moreover, according to the second feasible requirement , × , = 0. Therefore, the coefficient 2 is set to be 1, while other coefficients are set to be 0. The only feasible solution is obtained: Therefore, the control can be implemented by setting the ratio among the duty cycles of the switches, Sw A3 , Sw B1 , and Sw B2 , to be 3 : 5 : 4.
. . Simulation Platform. In order to verify the feasibility of the obtained control strategy, a BMMEEC for the battery string that contains four cells is established in the PISM simulation software. Figure 9 shows the schematic of BMMEEC. The simulation parameters are listed in Table 2 . Figure 9 indicates that the ammeter I1 measures the charging current of the cell C 1 . The positive value indicates that the current flows into the battery B 1 and the battery is charging, while the negative value indicates that the current flows away from the cell C 1 and the battery is discharging. Ammeters I2, I3, and I4 measure the discharging currents of cells C 2 , C 3 , and C 4 , respectively. The positive value indicates that the current flows away from the battery and the battery is discharging, while the negative value indicates that the current flows into the battery and the battery is charging. Since only Sw B2 and Sw A3 switches are actuated, their conduction angles are 100 degrees and remaining switches are presented by antiparallel diodes. Voltmeters connected to Li-ion battery modules detect their SOC in real time. The unmentioned symbols such as O1, D1, and IN1 represent the basic switch components and signal ports for equalizer control. The current waveforms in one cycle detected by the ammeters are illustrated in Figure 10 , and the current data is shown in Table 3 .
. . Results and Analysis. The waveforms of current measured by ammeters in one operation cycle reflect SOC variations of four cells. Figure 10 shows the waveforms of charging and discharging currents of cells in one switch operation cycle. The slope of the current varies with the number of on-off switches. It should be indicated that t A,3 , t B,2 , and t B,1 are on-off periods of Sw A3 , Sw B2 , and Sw B1 switches, respectively.
In the period from 3.97998s to 3.98004s (t A,3 ), all three switches are turned on, and they form three discharging loops. Under the superposition of the energy transfer effect caused by three switches, cells C 1 , C 2 , C 3, and C 4 are discharged to the inductor and the discharging speed can be determined by the slope of the current waveform. In the period from 3.98004s to 3.98006s, two discharging loops are formed by switches Sw b2 and Sw b1 . Moreover, switch Sw a3 is turned off to form a charging loop. The decrease of discharging loops leads to the decrease of the amplitude and slope of the discharging current. Furthermore, battery C 1 gradually transformed from the discharging mode to the charging mode.
In the period from 3.98006s to 3.98008s, only Sw B1 switch is turned on to form a discharging loop and other two switches are turned off to form two charging loops. It is observed that the discharging speed of C 2 , C 3 , and C 4 cells further decreases. Moreover, C 2 and C 4 cells gradually enter the charging state. The charging speed of the C 1 cell further increases.
In the period from 3.98008 to 3.90024s, all switches are turned off and there is only one discharging loop in the circuit. The amount of electricity stored in the inductor is released to the battery through the discharging loop. Since this process has nothing to do with the control, so no specific analysis is made for this part. The current integrals are shown in the last column of Table 3 ; they can present the SOC change of each battery in one operation cycle. In this simulation, the sum of SOC changes of four batteries is slightly greater than zero, because a small part of the power has not been released before the next operation cycle.
After several operation cycles, the four cells power consumption gradually conforms to each other. Figure 11 illustrates the waveform of the SOC in the idle state.
. . Comparison with Another Equalization
Circuit. In order to investigate the advantages of the BMMEEC, results are compared with those from the inductor-based bidirectional lossless equalization circuit [23] which has high controllability and large current capacity. Figure 11 demonstrates that the SOC of four cells increases or decreases directly to the final point of the equalization. The unnecessary balancing process in [23] is avoided. Figure 12 is a comparison of simulation results between BMMEEC and the circuit in [23] .
In Figure 12 , the waveform of the cell voltage or cell SOC reflects the cell energy variation. It should be indicated that the comparison item is the equalization process. Therefore, only the curve of the cell voltage in Figure 11 is taken into account and other factors are out of concern. Figure 12(a) demonstrates that the SOC of four cells increases or decreases directly to the final point of the equalization. Figure 12(b) indicates that the equalization in [23] is achieved in two stages, which means two criterions are needed for the controller to change control command. Moreover, cell 2 is discharged in Stage 1 and is charged then in Stage 2, which results (b) Equalization process of the circuit in [23] Figure 12: Balancing process comparison between BMMEEC and the circuit in [23] .
in unnecessary energy transfer. In contrast, in the equalization process of the BMMEEC, only one termination criterion is needed and no unnecessary energy transfer exists. This simplifies the control and avoids extra equalization process.
. . Simulation Results in ree Equalization
States under Clock Signals. All the results above are obtained when switches are actuated by ideal gating signals. However, in practical applications, control signals usually cannot reach such a precise level. Consequently, a 40KHz clock signal is applied for switches control and every 20 sequent clock cycles are regarded as one operation cycle. Consequently, the original 4000 Hz gating signal is replaced by a 1000 Hz square wave signal and a 40 kHz clock signal is used as a counting signal. The former is used for switch control as the gating signal and the latter is used for counting. The clock signal divides one square wave cycle into 10 parts. The duty cycle of each switch is changed by adjusting the number of conduction cycles of each switch every 20 clock cycles. Switches are actuated for 18, 24, and 30 clock cycles in every operation cycle until the variance of the SOC reaches the minimum value. Set the currents measured by the four ammeters to be I1 , I2 , I3
, and I4 . Figure 13 shows the corresponding waveforms of I1 , I2 , I3 , and I4 .
Figures 14(a), 14(b), and 14(c) illustrate the waveforms of the four-cell SOC in the idle state, charging state, and discharging state, respectively. Figure 14 indicates that, in the idle state, the equalization completes at 86.68s. Moreover, the battery string is charged in the charging state at 20V and 7A and the equalization completes at 84.36s. Furthermore, the battery string in the discharging state is discharged at 15V and 7A and the equalization completes at 92.42s. Table 4 displays the corresponding data. Figure 14 (a) shows that there exist deviations from Figure 11 , which is caused by discrete control signals. The change in the slope of the SOC waveform indicates that the energy stored by the inductor of the equalizer flows back to the battery string after the end of control. Figure 14(b) demonstrates that, in the charging state, the cell with the lower SOC is charged faster, while the battery with the lower SOC is slowly charged or nearly is not charged. After reaching the equalization, the SOC of each battery changes uniformly. Compared with the idle state, more energy is involved in the equalization because of the external power source; hence the spent time on the equalization decreases. Therefore, it is concluded that the BMMEEC can avoid overcharging of the battery string. Similarly, Figure 14 (c) demonstrates that, in the discharging state, the cell with higher SOC is discharged faster, while the battery with lower SOC is slowly charged or nearly is not discharged. After reaching the equalization, the SOC of each battery changes uniformly, which indicates that the BMMEEC can avoid overcharging of the battery. However, compared to the idle state equalization, a portion of the balancing energy is consumed by the load causes; hence the equalization time increases.
Conclusion and Further Work
Based on the inductor equalizer, an equalization circuit for the battery energy, called the BMMEEC, is proposed in the present study. Then, the corresponding mathematical model deduction and simulation verifications are presented.
Moreover, the CISGM model is developed for the mathematical description and control analysis of the BMMEEC and the feasible control is obtained by solving the model's Nash Equilibrium. An equivalent simulation model of the four-cell equalization is established in the PISM. In order to justify the CISGM during the simulation, the variation of the operational data, balancing current and battery SOC, tallied with the mathematical descriptions of the BMMEEC. It is found that four cells' SOCs are nearly identical, which verifies the control validation. Moreover, the simulation results demonstrate that the application of the BMMEEC prevents the long-period charging-discharging cycles for involved cells so that the SOC of each cell moves directly forward in harmony. It is found that the BMMEEC has the 
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